Iron and copper are essential nutrients for life as they are required for the function of many proteins but can be toxic if present in excess. Accumulation of these metals in the human body as a consequence of overload disorders and/or high environmental exposures has detrimental effects on health. The budding yeast Saccharomyces cerevisiae is an accepted cellular model for iron and copper metabolism in humans primarily because of the high degree of conservation between pathways and proteins involved. Here we report a systematic screen using yeast deletion mutants to identify genes involved in the toxic response to growth-inhibitory concentrations of iron and copper sulfate. We aimed to understand the cellular responses to toxic concentrations of these two metals by analyzing the different subnetworks and biological processes significantly enriched with these genes. Our results indicate the presence of two different detoxification pathways for iron and copper that converge toward the vacuole. The product of several of the identified genes in these pathways form molecular complexes that are conserved in mammals and include the retromer, endosomal sorting complex required for transport (ESCRT) and AP-3 complexes, suggesting that the mechanisms involved can be extrapolated to humans. Our data also suggest a disruption in ion homeostasis and, in particular, of iron after copper exposure. Moreover, the identification of treatment-specific genes associated with biological processes such as DNA double-strand break repair for iron and tryptophan biosynthesis for copper suggests differences in the mechanisms by which these two metals are toxic at high concentrations.
The transition metals iron and copper are essential trace nutrients that participate as cofactors in redox reactions and are therefore important for the function of many proteins. Several major metabolic pathways, such as pyruvate metabolism, TCA cycle, and the respiratory chain, require proteins with copperor iron-containing prosthetic groups (De Freitas et al., 2003) . However, this ability to readily accept and donate electrons makes iron and copper toxic when present in excess. Cells have evolved several mechanisms for maintaining adequate intracellular levels of these metals to carry out biological processes, in a state between deficiency and toxicity.
In humans, genetic disorders and/or environmental exposures can increase body iron and copper contents above normal levels and induce a variety of pathologies. For example, patients with Wilson's disease have impaired copper excretion through the bile due to mutations in the ATP7B gene, resulting in the accumulation of copper in organs and eventually causing neurological problems and liver disease. Very high copper concentrations (> 1 mg/gram of dry tissue) have been found in livers of patients with this disease (Faa et al., 1995) . Mutations primarily in the HFE gene cause hereditary hemochromatosis, a condition where deregulation in iron absorption produces an excess accumulation of iron in tissues and induces systemic organ dysfunction. On the other hand, frequent blood transfusions, excess dietary iron, and accidental poisoning can be sources of environmental iron overload in humans. Diet constitutes a potential route of exposure to copper in the general population, although inhalation is a more common one among miners, copper smelters, and workers in other industries that utilize copper (Dorsey and Ingerman, 2004) . Regardless of the origin of the overload, high levels of these metals are detrimental to human health. Both iron and copper, together with other transition metals, can participate in the Fenton reaction to generate highly reactive hydroxyl radicals (Kehrer, 2000) . Induction of oxidative stress with subsequent damage to cellular macromolecules including DNA and proteins appears to be the main mechanism underlying the toxicity of these two metals (Fraga and Oteiza, 2002; Gaetke and Chow, 2003) .
There is a relatively high degree of conservation in the metabolic pathways involved in iron and copper metabolism between humans and distantly related organisms such as the 1 To whom correspondence should be addressed at Department of Nutritional Sciences and Toxicology, University of California, 317 Morgan Hall, Berkeley, CA 94720. Fax: (510) 642-0535. E-mail: vulpe@berkeley.edu. baker's yeast Saccharomyces cerevisiae. Most of the human genes in these pathways have homologous genes in yeast. The fact that the metabolism of these metals in yeast parallels the one in humans makes the former a suitable model to understand iron and copper metabolism and their disorders in humans (reviewed in Askwith and Kaplan, 1998) .
Near all of the open reading frames (ORFs) in yeast have been systematically deleted to create a collection of mutant strains . Molecular barcodes inserted at the site of the gene deletion uniquely identify each strain and allow the assay of all mutant strains in parallel for growth under any selective condition of interest (Winzeler et al., 1999) . This approach constitutes a powerful tool for studying gene function in yeast and has been used to identify genes that are essential for growth under a variety of experimental conditions Lee et al., 2005) , including high concentrations of arsenic (Haugen et al., 2004) .
Although genome-wide systematic screens have been conducted in yeast to identify novel genes involved in the cellular responses to toxic levels of iron and copper, such studies have mainly focused on transcriptional profiling (Foury and Talibi, 2001; Gross et al., 2000) . Functional profiling can provide additional insight as it can identify genes different from those identified by expression profiling (Birrell et al., 2002; Giaever et al., 2002) . We conducted a parallel analysis of yeast homozygous diploid deletion mutants and identified a number of genes potentially involved in the response to iron and copper overload. This screen did not include essential genes as deletions of these genes result in a nonviable phenotype.
The majority of the identified genes were treatment specific, indicating different genetic requirements and cellular responses in yeast to these metals. Moreover, about half of these genes have at least one known homologous gene in human. We performed an enrichment and protein network analysis to uncover functional relationships between genes and to obtain an integrated view of the cellular responses to these conditions. In particular, biological processes and genes associated with intracellular trafficking and DNA repair that are conserved in mammals were significant in our results, suggesting that some of the mechanisms involved in the toxicity of iron and copper can be extrapolated to mammalian systems.
MATERIALS AND METHODS
Functional profiling of the yeast genome. Pool growth, genomic DNA extraction, barcode amplification, and hybridization were performed as previously described . Briefly, the complete set of 4757 homozygous diploid mutants BY4743 (MATa/MATa his3D1/his3D1, ura3D0/ ura3D0, leu2D0/leu2D0, lys2D0/þ, met15 D 0/þ) were pooled in rich media (yeast extract-peptone-dextrose, YPD) and grown at 30°C with shaking at 250-300 rpm in the presence of either 5mM iron sulfate, FeSO 4 .5H 2 O, or 10mM copper sulfate, CuSO 4 .7H 2 O. These exposure concentrations were selected based on growth inhibition experiments performed on the BY4743 wild-type strain (Supplementary Figure 9) . Tolerance studies to these metals have not been conducted in this strain before. After 15 generations of growth, the surviving strains were collected and genomic DNA was extracted using the Qiagen DNeasy kit. The strain-specific barcodes contained in the DNA were amplified by PCR using a set of biotinylated primers that hybridize to universal sequences that flank the barcodes. Finally, these reactions were hybridized to Affymetrix DNA TAG3 arrays, stained, and scanned at an emission wavelength of 560 nm using an Affymetrix GeneChip scanner. For the control samples, pools were grown in YPD media as a nonselective condition and further processed in the same way as the treatments.
Outlier analysis for identification of differentially growing strains. Hybridization intensities for the treatment and control arrays were quantified with the GCOS 1.2 software from Affymetrix. Data from each of the treatment arrays were paired with controls, and their quality was assessed by exploratory data analysis using box plots, quantile-quantile normal plot (QQNP), and scatter plots as described before (Armendariz et al., 2004) .
In the Affymetryx TAG3 chips, each yeast ORF-knock out is represented by four features, two for each up-tag and down-tag barcodes, which produce four fluorescence signals after hybridization, and are replicate measurements of the growth of that particular deletion mutant. All four intensity signals associated with each individual ORF were averaged and used to calculate a log 2 ratio of treatment to control for each deletion strain. The sensitive, unaffected, and resistant strains were identified by building simultaneous prediction intervals (SPIs) and by calculating a p value for each strain to statistically determine if there was a difference between the treatment and control, as previously described for the identification of differentially expressed genes in microarray experiments . Those strains that exhibited a significant change in growth, either as sensitive or resistant to the treatments, were deemed as differentially growing strains. The level of significance for a strain to be considered as such was set at p < 0.05.
Gene ontology enrichment and interactions network analysis. Data sets were verified for enrichment for any particular biological attribute by identifying significantly enriched Gene ontology (GO) categories using the Functional Specification resource, FunSpec (http://www.funspec.med.utoronto.ca/). FunSpec uses a hypergeometric distribution to quantitatively assess functionally enriched GO categories after input of a list of genes of interest. This analysis was performed using a p value cutoff of 0.01 and without correcting for multiple comparisons. Additionally, yeast fitness data were mapped onto the extended Wi-Phi yeast interactome (Kiemer et al., 2007) , consisting of > 10,000 protein-protein interactions, using Cytoscape version 2.4.1 (http://www.cytoscape.org). Significant subnetworks of activity were identified using the jActiveModules version 1.0 plug-in (Ideker et al., 2002) , with default parameters. These subnetworks are connected regions in the yeast interactome that induced significant alterations in fitness under the conditions of interest. The resulting subnetworks were visualized in Cytoscape and selected for further biological interpretation based on their score and nonredundancy with other significant subnetworks.
Growth curve assay. Individual deletion strains selected for phenotypic confirmation and the BY4743 wild-type strain were pregrown in YPD liquid media to mid-log phase, diluted to an optical density at 595 nm (OD 595nm ) of 0.0165, and seeded into different wells of a 48-well microplate. Stock solutions of either CuSO 4 .7H 2 O or FeSO 4 .5H 2 O were added to the treatment wells to the desired final concentrations with at least three replicates per strain/dose combination. Cells were then grown in a Tecan Genios spectrophotometer set to 30°C, intermittent shaking and OD 595nm measurements at 15-min intervals for a period of 24 h. Raw absorbance data were averaged for all replicates, background corrected, and plotted as a function of time.
Spot assay. Selected deletion strains together with the BY4743 wild-type strain were grown in YPD liquid media to mid-log phase. Cultures were diluted to OD 595nm ¼ 0.3 and transferred to a 96-well plate where fivefold serial dilutions were made. A volume of 5 ll from each dilution was used to spot onto Petri dishes containing either YPD agar or YPD agar with 10mM CuSO 4 .7H 2 O. Petri dishes were incubated for 2-3 days at 30°C to allow colony growth and subsequently scanned for evaluation.
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RESULTS
Identification of Differentially Growing Strains
We treated pools of yeast homozygous diploid mutants with either 5mM FeSO 4 .5H 2 O or 10mM CuSO 4 .7H 2 O in duplicate exposures for 15 generations of cell growth. We used high doses of these metals, which lead to > 20% growth inhibition in the wild-type strain (see Materials and Methods), in order to identify all the deletion strains that exhibit a fitness alteration after exposure. For the controls, we randomly chose, from previously published data, three data sets corresponding to the same pools grown in YPD media for 15 generations (http:// www.genomics.lbl.gov/YeastFitnessData/websitefiles/cel_index. html). We paired each individual treatment data set with all these three controls, resulting in a total of six treatment-control pairs for each metal, and analyzed separately as individual replicate experiments to account for the differences in strain growth due to biological and technical variability.
In the exploratory microarray data analysis ( Fig. 1A and Supplementary Figure 8) , inspection of the box plots showed that scale, location, number of outlying observations, and asymmetry were similar for each treatment-control pair. The average shifted histograms revealed that data from the treatment and control arrays resembled samples from univariate normal distributions, except for the presence of a lower second peak representing a subpopulation of probes in the array with low signal intensity. This was probably due to discrepancies between tag and probe sequences that affected hybridization efficiency and/or systematic experimental variability. Similarly, the QQNPs showed that the majority of points in our data conformed closely to a standard normal distribution except for the deviation previously observed at low signal intensities. The The QQNP compare the quantiles of the empirical data distribution with the quantiles of the standard normal distribution. Bottom right: Scatter plots show data points as bivariate observations for each strain in the treatment and control data sets. Unaffected strains fall near the line of equivalence (treatment/control ratios are equal or close to 1), whereas treatment-sensitive and resistant strains fall below (ratios < 1) and above (ratios > 1) this line, respectively. Outlier strains are the most extreme points with respect to the line of equivalence and are candidate strains for differential growth. (B) Detection of differentially growing strains by using SPIs. Representative MA plots for treatments with 5mM FeSO 4 .5H 2 O (top) and 10mM CuSO 4 .7H 2 O (bottom) showing the 95% SPIs. Unaffected strains are represented by data points contained within the boundaries delimited by the 95% SPIs. The data points above the upper and below the lower 95% SPIs represent candidate resistant and sensitive strains, respectively. 142 scatter plots of log 2 (treatment) versus log 2 (control) intensity values showed that the relationship between the intensities for all the treatment-control data set pairs, after normalization and log transformation, was approximately linear.
Since the exploratory analysis showed that the treatmentcontrol data sets pairs for iron and copper were highly correlated with approximately symmetric distributions, we proceeded to identify the differentially growing strains. Graphical representation of the SPIs (Fig. 1B and Supplementary Figure 8) shows the data points outside the intervals as statistically significant outliers at different confidence levels, representing strains with a significant change in growth after treatment. To build the SPIs, we used robust scatter plot smoothers to account for heteroscedasticity, for example, variation in residual variance as a function of the intensity, in each data set.
We considered as outlier strains those with p < 0.05 in each individual treatment-control pair and as differentially growing strains after metal treatment those identified as outlier strains in all six treatment-control pairs associated with a specific treatment. We used this last criterion to reduce the number of false-positive results due to biological and/or technical variability. In this way, we identified a total of 74 and 200 differentially growing strains in iron and copper overload conditions, respectively. For each of these strains, we calculated a fitness score defined as the average of the log 2 (treatment) À log 2 (control) for all the six data sets specific to a treatment and then used this score to rank their corresponding ORFs (Table 1 and Supplementary Tables 4 and 5 ). This fitness score is an indicator of growth of the deletion mutants in the treatment relative to the control and estimates the contribution of each individual ORF in the adaptation of the cell to the conditions under study. Deletion of genes that possess an important function in the adaptation, protection, or repair following a toxic insult are likely to produce a sensitive phenotype and The fitness score is a measure of the relative growth of a particular deletion mutant in the treatment and control media.
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consequently a fitness score < 0. On the other hand, genes with fitness scores > 0 may indicate that the deletion is beneficial to the mutant for growth in the treatment condition. In addition, we used our list of genes to search for homologous ones in humans by using the NCBI BLASTP best hits from the Saccharomyces Genome Database website (ftp://genome-ftp.stanford.edu/pub/ yeast/data_download/) and found that about 53% of the identified genes have at least one human homolog (Supplementary  Tables 4 and 5 ).
Among the genes that induced differential growth upon deletion, were genes common and specific to the iron and copper overload treatments, with more than 80% of the gene deletions resulting in sensitivity of the deletion strain to either metal. Also, the majority of these genes had at least one reported catalytic activity, followed by a considerable number without known molecular function (Fig. 2) .
Differences in Cellular Responses to Iron and Copper Toxicity
Both iron and copper overload identified yeast genes functioning in several GO biological processes (Tables 2 and 3) .
Specifically, processes associated with intracellular transport were significantly enriched with genes from these data sets. Although optimal growth in both iron and copper excess were dependent on vacuolar function-related processes, copper was also dependent on endosomal-related processes. Other significantly enriched biological processes were aromatic amino acid biosynthesis, particularly tryptophan biosynthesis, for copper and calcium ion homeostasis and response to DNA damage for iron (Supplementary Tables 6 and 7) .
The protein network analysis uncovered significant subnetworks of activity within the yeast interactome that were essential for optimal growth after exposure to toxic doses of iron and copper (Fig. 3 ) and that were in agreement with the GO enrichment findings. Within these active subnetworks, we found protein complexes that may have a relation with detoxification under these conditions. High-scoring subnetworks in iron overload included proteins required for growth at high calcium concentrations (Fig. 3A) and Golgi-to-vacuole transport (Fig.  3B ). In the latter case, the AP-3 complex appeared to mediate an important function as deletion of two of its subunits, Aps3p and Apl5p, induced sensitivity to iron. In the case of copper, highscoring subnetworks contained proteins primarily involved in the endosome-to-Golgi retrograde transport (Fig. 3C) . In a The p values represent the probability of a hit within a given category to occur by chance.
b Number of genes from the input cluster in given category.
c Number of genes total in given category.
144 particular, deletions of any of the members of the retrograde complex consisting of Pep8p, Vps29p, Vps5p, Vps35p, and Vps17p induced sensitivity to copper.
Genetic Requirements for Resistance to Iron and Copper Overload in Yeast
Deletion of a gene that has an important function in the adaptation to a selective condition may induce growth sensitivity in the mutant strain, given that there is no functional redundancy between the deleted gene and other genes in the genome. In our data sets, such genes have a fitness score < 0, indicating that the genes are required for resistance against iron and copper overload. We used growth curves to confirm individual strain growth under these two conditions as this was a simple and sensitive method. In agreement with the array data, the yeast strains containing deletions in CCC1, CSG2, HOR7, PHO80, RAD57, and VAM7 showed an expected sensitivity when exposed to lower concentrations of FeS-O 4 .5H 2 O (Fig. 4) , whereas strains with deletions in ACE2, CSG2, CUP2, FTR1, PHO80, PMP1, SUR1, TOP1, VPS3, and ZRT2 did the same for CuSO 4 .7H 2 O (Fig. 5) .
Analysis of the growth curves for individual mutants grown in toxic conditions revealed different types of responses. The sensitivity of the deletion strains to the metal treatments was observed as an increase in the length of the lag phase, a decrease in the growth rate, or a lower plateau phase, when compared to the same strains grown in rich media (Fig. 5) . A sharply reduced culture density at the plateau phase, such as with pho80D, is an indication that the deleted gene plays an essential role in the toxic response and that its absence cannot be compensated by other mechanisms, leading to premature cell death. On the other hand, an extended lag phase or reduced growth rate, such as with csg2D and ace2D, suggests that while the mutants have an increased sensitivity to the toxic metal, it is not lethal and can be compensated by other cellular mechanisms.
An opposite case to the sensitive mutants above was exhibited by aft1D, which was found to be resistant to FeSO 4 .5H 2 O (Fig. 4) . Aft1p induces the expression of genes involved in the cellular uptake of iron in response to low iron conditions and its absence in the deletion strain may induce iron deficiency and suboptimal growth, a defect that is compensated when the mutants are grown in iron-replete media.
As indicated by the enrichment of GO categories, genes encoding products associated with intracellular trafficking and vacuolar function are highly required for growth under toxic concentrations of iron and copper. In the case of copper, we identified a total of 55 genes associated with known vacuolar sorting mutants (Bonangelino et al., 2002) , corresponding to 27.5% of the identified genes. In a similar way, iron identified genes in these pathways but to a lesser extent (14 genes or 18.9%).
Some other identified genes with fitness scores < 0 that were indicative of the stress and damage induced by these metals were RAD57, MMS1, YKU70, TOP1, SGS1 (DNA repair), ISC1, SUR1, CSG2, CCC1, HOR7, SRO7 (cation homeostasis), DSK2 and YGK3 (protein degradation) for iron and NTG2, RAD55, TOP1 (DNA repair), VID27 (protein degradation), SUR1, CSG2, MID1, ISC1, NHX1, SPF1, FTR1, ZRT2, HOR7 (cation homeostasis), PIN4 and OCA1 (DNA damage-induced cell cycle arrest) for copper.
Tryptophan Requirement in Yeast for Growth under Copper Overload
We found four genes in the tryptophan biosynthetic pathway with low fitness scores in the copper data set, namely TRP1, TRP2, TRP4, and ARO2, and further confirmed their requirement for optimal growth (Fig. 6) . We looked at growth sensitivity of the corresponding deletion strains when exposed to copper by using both spot and growth curve assays and found a higher sensitivity of the latter to detect differences in growth. In the growth curve assay, OD 595nm readings are taken throughout a period of 24 h to measure cell growth, as opposed to the spot assay where the ability to growth is an endpoint measurement. For strains that have a slight or intermediate fitness defect under a selective condition, as is the case of the tryptophan auxotrophic strains grown in copper overload, an The p values represent the probability of a hit within a given category to occur by chance. Number of genes total in given category.
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endpoint measurement leaves enough time for the inhibited cells to grow to saturation and decreases any marked differences from the controls.
DISCUSSION
We have screened the collection of yeast homozygous diploid deletion mutants for strains that exhibited a significant alteration in growth after exposure to toxic concentrations of iron and copper sulfate and identified genes involved in the response to these toxic, yet essential, metals. In order to obtain a global perspective of the specific processes involved in the response against iron-and copper-induced toxicity, we identified biological processes significantly enriched with genes from our data sets, as well as significant protein subnetworks, and found that the cellular responses of yeast include mainly protective, homeostatic, and repair mechanisms. 
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The majority of the genes that we identified have been previously associated with vacuolar sorting-defective phenotypes (Bonangelino et al., 2002) . In yeast, free metal ions are sequestered into vacuoles (Bode et al., 1995) , preventing damage to cellular constituents, and is probably the main reason why deletion strains with impaired vacuolar function showed sensitivity in our results. This provides evidence that vacuoles constitute a common mechanism of protection against iron and copper. However, the subnetwork scoring and GO enrichment analysis indicated the presence of two different detoxification pathways that target iron and copper separately to the vacuole (Fig. 7) . Indeed, free intracellular iron is transported directly into vacuoles, whereas copper is transported into late endosomes (Li et al., 2001; Yuan et al., 1997) , which eventually form vacuoles. We found that deletion of the vacuolar iron transporter CCC1 resulted in sensitivity to iron and was supportive of a role for the vacuole and Ccc1p in iron detoxification. Since vacuoles can also be formed from the Golgi via an alternative endosome-independent pathway, genes associated with endosomal function were not essential for growth in iron overload. On the other hand, copper resistance required several components functioning in the endosomal pathway, providing evidence that copper is detoxified to the vacuole via endosomes in yeast.
Intracellular protein trafficking is a conserved process among eukaryotic organisms, including humans. For example, the vacuoles and endosomes in yeast are analogous to the lysosomes and late endosomes/multivesicular bodies found in mammals, respectively. Likewise, the AP-3, endosomal sorting complex required for transport (ESCRT)-II, ESCRTIII, and retromer complexes that we identified as essential for growth in iron or copper (Fig. 7) share homology with human complexes. The mammalian AP-3 is ubiquitously expressed in all cell types and involved in the sorting of endosomal proteins to the lysosome. It is essential for the proper function of organelles such as melanosomes and its disruption is linked to the Hermansky-Pudlak syndrome type 2 in humans (Stinchcombe et al., 2004) . The mammalian ESCRT complexes are involved in the trafficking of ubiquitinated proteins from endosomes to lysosomes (Williams and Urbe, 2007) . Similarly, the putative human retromer complex is thought to participate in retrograde transport in the same manner as its yeast counterpart (Haft et al., 2000) . To the best of our knowledge, the relationship between these complexes to iron and copper detoxification in mammals is unknown. Evidence from mammalian systems have shown that excess copper is sequestered into late endosomes by the Wilson's disease protein ATP7B, transported into lysosomes, and excreted into the bile by exocytosis FIG. 5 . Phenotypic confirmation of representative deletion mutant strains with differential growth after exposure to copper sulfate. Growth curves for strains with deletions in the genes ACE2, CSG2, CUP2, FTR1, PHO80, PMP1, SUR1, TOP1, VPS3, and ZRT2 grown in rich media (control) and 8mM CuSO 4 .7H 2 O. The associated GO biological process is indicated for each of the genes. Growth curves for BY4743 wild type are included for comparison and show a minimum effect of the copper treatment on growth as opposed to the mutants, which showed different degrees of growth inhibition.
FIG. 4.
Phenotypic confirmation of representative deletion mutant strains with differential growth after exposure to iron sulfate. Growth curves for strains with deletions in the genes AFT1, CCC1, CSG2, HOR7, PHO80, RAD57, and VAM7 grown in rich media (control) and iron overload. The associated GO biological process is indicated for each of the genes. Growth of BY4743 wild type is included as the reference and shows no effect of the metal treatment on growth. FeSO 4. 5H 2 O was used at a concentration of 0.75mM to avoid background interference with the absorbance measurements during the assay. Except for aft1D that was resistant, all other strains exhibited slight sensitivity to treatment.
GENETIC REQUIREMENTS OF S. CEREVISIAE IN IRON AND COPPER OVERLOAD (Harada et al., 2000; Schaefer et al., 1999) . Under copper excess conditions, the mammalian ESCRT and retromer complexes may somehow be required for proper function of endosomes and therefore essential in copper detoxification.
A number of strains with deletions in genes associated with DNA double-strand break repair showed sensitivity to 5mM FeSO 4 .5H 2 O but not to 10mM CuSO 4 .7H 2 O, suggesting that either iron is more potent than copper in producing this type of damage or that copper does not produce it. This is consistent with previous reports that iron, but not copper, contributes to the formation of single-strand breaks induced by hydrogen peroxide (Barbouti et al., 2001 ). These differences in producing DNA damage can be due to additional mechanisms of defense against copper, such as metallothioneins. In fact, deletion of CUP2 encoding a transcription factor that induces the expression of the metallothionein genes resulted in a very sensitive phenotype to copper (Fig. 5) . Among the genes in our data sets significantly required for growth in iron were TOP1 and SGS1, homologous to the human topoisomerase TOP1MT and DNA helicase RECQL, respectively, and which products interact with each other to maintain genome stability. Mutations in RECQL have been associated with the Bloom and Werner syndromes in humans. Other required genes were ESC2, MMS1, and YKU70 (homologous to XRCC6), all of which have been found to genetically interact with SGS1 (Pan et al., 2004; Yamana et al., 2005) , suggesting that they may act in conjunction to repair damaged DNA.
Ion homeostasis was a biological process that we found significantly enriched for both iron and copper overload and that included CSG2 and SUR1, which products are required for growth under high calcium concentrations. In the case of iron, we also identified these proteins as part of a significant subnetwork (Fig. 3A) . The requirement for these genes could be an indication of a disturbance in calcium homeostasis in FIG. 6 . Copper sensitivity of yeast deletion mutants deficient in tryptophan biosynthesis. (A) The tryptophan biosynthetic pathway. Genes with fitness scores < 0 in the parallel analysis experiments are shown in gray boxes. Aro2p catalyzes the conversion of 5-enolpyruvylshikimate 3-phosphate to chorismate during the last step of the shikimate pathway. Chorismate is a precursor in the biosynthesis of the aromatic amino acids phenylalanine, tyrosine and tryptophan, and its biosynthesis is conserved in prokaryotes and some eukaryotes, with the exception of mammals. The tryptophan biosynthetic pathway converts chorismate into L-tryptophan in a series of reactions catalyzed by Trp1p-Trp5p. (B) Confirmation of sensitive phenotypes using spot assays. Deletion strains trp1D, trp2D, trp4D, and aro2D showed little growth sensitivity in 10mM CuSO 4 .7H 2 O when compared to controls grown in rich media. BY4743 wild type was included as a reference. (C) Confirmation of sensitive phenotypes using growth curve assays for same strains. Strains showed different degrees of growth inhibition in 8mM CuSO 4 .7H 2 O compared to the wild-type strain. In the case of trp1D, trp2D, and aro2D, compensatory mechanisms likely to take place during the extended lag phase allow the mutant to grow at a rate similar to the control. 148 exposed cells. Indeed, calcium levels are increased in cells undergoing oxidative stress and correlate with DNA damage (Nicotera et al., 1988) . Oxidative stress can cause an influx of extracellular calcium and induce the opening of gated channels in the endoplasmic reticulum to release stored calcium, resulting in increased intracellular levels that can be detrimental to the cell (Ermak and Davies, 2002) .
In yeast, the iron permease FTR1 is upregulated after exposure to high copper (Gross et al., 2000) , indicating a cellular requirement for iron, as this gene is expressed under low iron conditions. In agreement with this result, we found that ftr1D was highly sensitive to copper. In Hep-G2 cells, copper overload decreases iron levels (Arredondo et al., 2004 ). An explanation for these observations is that, as cells attempt to detoxify copper by upregulating protection mechanisms, less copper is made available for high-affinity iron uptake, resulting in iron deficiency. In mammalian cells, under steady-state copper concentrations, ATP7B is located in the trans-Golgi network, transporting copper ions from the cytoplasm which are incorporated into ceruloplasmin (ferroxidase). However, under copper excess conditions, ATP7B translocates to endosomes to mediate biliary copper detoxification (Cater et al., 2006; Schaefer et al., 1999) . This translocation is reversible upon return to normal copper concentrations. However, under chronic exposures, ATP7B could be permanently localized in endosomes, affecting copper loading onto ceruloplasmin in the trans-Golgi. Taken together, evidence suggests that copper overload may have an indirect effect on intracellular iron pools by inducing iron deficiency in yeast and that similar mechanisms operate in higher eukaryotes.
The fact that several genes in the tryptophan biosynthetic pathway were essential for optimal growth in copper overload suggests an important unknown role of tryptophan in yeast. In humans, tryptophan is an essential amino acid. The role of tryptophan in the response to copper-induced toxicity in yeast may be via the antioxidant properties of its metabolites produced during degradation in the kynurenine pathway (Christen et al., 1990) or its radical-scavenging activity, as FIG. 7 . Two different detoxification pathways for iron and copper that ultimately target the yeast vacuole. Schematic diagram of the Golgi-to-vacuole transport pathways showing the significant genes from the phenotypic profiling experiments. Sensitivity genes identified after iron overload are indicated in black boxes and after copper overload in white boxes. Copper detoxification requires the presence of several gene products that function in the carboxipeptidase Y pathway, which transport cargo to the vacuole through endosomal intermediates. Some of these are subunits of the ESCRTII and ESCRTIII complexes and the retromer complex, all of which have homologous counterparts in mammals. In the case of iron, the AP-3 adapter complex in the alkaline phosphatase pathway was required for iron overload resistance, as deletions of the Apl5p and Aps3p subunits resulted in iron sensitivity. This complex may be required in some way for iron detoxification, probably for proper vacuolar function where excess iron is sequestered via Ccc1p. The AP-3 complex is homologous to the mammalian clathrin complex. The function of these molecular complexes in iron and copper detoxification in humans is unknown.
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superoxide radical is used as a cofactor to cleave the pyrrole ring in tryptophan (Hayaishi et al., 1977) . Alternatively, tryptophan may be required as a critical residue in certain proteins involved in the defense against copper toxicity. At toxic doses, copper affects membrane integrity and increases permeability to ions, resulting in an increase in the activity of the plasma membrane H þ -ATPase Pma1p (Fernandes and SaCorreia, 2001 ). This pump is regulated by Pmp1p, a low molecular weight proteolipid that contains in its C-terminal domain single Phe38, Trp28, and Tyr25 residues that appear to act together to anchor the protein in the membrane and thus essential for protein function (Mousson et al., 2001) . These three amino acids are synthesized from chorismate, a product of Aro2p. We found that both aro2D and pmp1D were sensitive to copper. Interestingly, both PMA1 and PMP1 have been found to be translationally upregulated after treatment with butanol (Smirnova et al., 2005) , a chemical that also induces proton leakage across the plasma membrane. Indeed, the copper-sensitive strains trp1D, trp2D, trp4D, aro2D, and pmp1D showed sensitivity to 0.5% butanol (data not shown). Another protein with a critical tryptophan residue is the copperzinc superoxide dismutase (Yamakura et al., 2001) , which constitutes an important antioxidant mechanism. We were not able to evaluate the phenotype of sod1D as this mutant exhibits growth defect under aerobic conditions.
We have analyzed the growth patterns of several thousand yeast mutants to identify genes required for optimal growth under iron and copper overload and to gain understanding of their effects at the cellular level. Ultimately, this information could be applied in the study of the metabolism of these two metals in humans, particularly under overload conditions, as many of the genes that we identified have a human homolog. We showed that several of these human genes participate in conserved biological processes with yeast and therefore could play a role in sensitivity and/or resistance to iron and copper toxicity in people. Lastly, the parallel assay of deletion mutants provides a simple and rapid way to systematically screen for genes associated with basic cellular responses to toxic insults that can be exploited in toxicology.
SUPPLEMENTARY DATA
Supplementary figures 8 and 9 and tables 4 and 5 are available online at http://toxsci.oxfordjournals.org/.
